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Serum-and Glucocorticoid-Inducible Kinase 1 Sensitive NF-κB Signaling in Dendritic Cells

Introduction
Dendritic cells (DCs) are professional antigen presenting cells (APCs) linking innate and acquired immunity [1] [2] [3] [4] [5] . Following stimulation, DCs express and release proinflammatory cytokines and chemokines, up-regulate the expression of MHC class I and II, costimulatory and adhesion molecules, and migrate to the nearest lymph node where they induce the activation and proliferation of naïve T cells [1, 6] .
Inflammatory processes are required to eliminate pathogens but by the same token excessive inflammation is detrimental to the host. Phosphoinositide 3 kinase (PI3K) belongs to the gate-keeping system, preventing excessive proinflammatory responses in DCs. During DC stimulation, PI3K is activated and prevents potential immunopathological effects of enhanced DC-mediated Th1 responses [7] . Genetic knockout of p85α, the regulatory subunit of PI3K, enhances the resistance of mice to Leishmania major, a pathogen controlled by DCmediated Th1 development [7] .
PI3K downstream signaling includes the kinase PDK1 (3-phosphoinositide-dependent kinase) [8] . The phenotype of DCs derived from PDK1 hypomorphic mice, which express about 10% of wild type levels of the enzyme, includes reduced Toll like receptor-induced macropinocytosis but enhanced antigen presentation, increased levels of costimulatory molecules and enhanced production of cytokines (IL-12 and IL-10) [8] .
PDK1 activates downstream kinases such as protein kinase B (PKB/Akt) and serumand glucocorticoid-inducible kinase (SGK) isoforms. The role of Akt1 seems to be restricted to promoting Bcl-2-dependent survival of DCs [9] . Akt2 is an important regulator of Ca 2+ signaling and migration in DCs [10] . SGK1 has been most recently shown to participate in the signaling inducing pathogenic Th17 cells which drive autoimmune disease [11, 12] . DCs and NF-κB signaling both participate in the regulation of Th17 cells [13, 14] . The role of SGK1 in DCs has, however not been investigated yet.
PI3K has been shown to negatively regulate NF-κB in monocytes, macrophages and DCs [10, [15] [16] [17] [18] [19] . Thus, PI3K inhibitors increase IκB kinase (IKK)-α/β phosphorylation and IκB-α degradation with a concomitant increase in NF-κB nuclear translocation [15] .
IKK-α/β phosphorylation and thus NF-κB signaling could be enhanced by SGK1 [20] [21] [22] [23] [24] . On the other hand, a specific substrate of SGK1, NDRG-1 (N-myc downstream regulated gene 1), which is phosphorylated by SGK1 (and not by Akt) at three different sites [25] , has been shown to attenuate NF-κB signaling [26] , when phosphorylated at two SGK1-dependent sites [27] .
The present study has thus been performed to elucidate whether SGK1 participates in the regulation of DC functions via NDRG1 and NF-κB.
Materials and Methods
Animals
recombinase. A clone with a recombination between the first and the third loxP site (type I recombination) was injected into C57BL/6 blastocytes. Male chimeras were bred to 129/SvJ females. Heterozygous sgk1-deficient mice were backcrossed to 129/SvJ wild-type mice for two generations and then intercrossed to generate homozygous sgk1 -/-and sgk1 +/+ littermates. The animals were genotyped by PCR using standard methods.
Culture of bone marrow dendritic cells
Dendritic cells (DCs) were cultured from bone marrow of 8-12 week old female and male mice [29] . Bone marrow derived cells were flushed out of the cavities from the femur and tibia with PBS. Cells were then washed twice with RPMI and seeded out at a density of 2 x 10 6 cells/10ml per 60-mm dish. Cells were cultured for 8 days in RPMI 1640 (GIBCO, Carlsbad) containing: 10% FCS, 1% penicillin/streptomycin, 1% non-essential amino acids (NEAA) and 0.05% β-mercaptoethanol [30] . Cultures were supplemented with GM-CSF (35 ng/mL, Preprotech Tebu) and fed with fresh medium containing GM-CSF on days 3 and 6. At day 7, >80 % of the cells expressed CD11c, which is a marker for mouse DCs. No statistically significant difference in CD11c-expression was observed between sgk1 -/-and sgk1 +/+ DCs. Experiments were performed on DCs at days 7-9 [31] .
Isolation of splenic DCs
Dendritic cells were isolated from the spleen of 8-12 weeks old female and male mice according to the protocol of Stagg et al. [32] . Briefly, single-cell suspensions were prepared by pressing mouse spleen through a gauze cell strainer (BD Pharmingen, Heidelberg, Germany) and washing in RPMI 1640 (GIBCO, Carlsbad, Germany) containing: 10 % FCS, 1 % penicillin/streptomycin, 1 % glutamine, 1 % non-essential amino acids (NEAA) and 0.05 % β-mercaptoethanol. After overnight incubation nonadherent cells were collected and DCs were purified by centrifugation over a 13.7% (w/v) metrizamide discontinuous gradient.
Immunostaining and flow cytometry Cells (4 x 10 5 ) were incubated in 100 µl FACS buffer (phosphate buffered saline (PBS) plus 0.1% FCS) containing fluorochrome-conjugated antibodies at a concentration of 10 µg/ml [33] . A total of 2 x 10 4 cells were analyzed. The following antibodies (all from BD Pharmingen, Heidelberg, Germany) were used for staining: FITC-conjugated anti-mouse CD11c, clone HL3 (Armenian Hamster IgG 1 , λ2), PE-conjugated antimouse CD86, clone GL1 (Rat IgG 2a , κ), and PE-conjugated rat anti-mouse I-A/I-E, clone M5/114.15.2 (IgG2b, κ). After incubating with the antibodies for 60 minutes at 4°C, the cells were washed twice and resuspended in FACS buffer for flow cytometric analysis.
Silencing of NDRG1
Specific siRNA sequences for NDRG1 (Silencer® Select Pre-Designed siRNA, Ambion -life technologies) and negative control (Silencer® Select Negative Control #1 siRNA, Ambion -life technologies, Catalog # 4390843) were synthesized and annealed by the manufacturer. siRNA transfection was carried out using the GeneSilencer siRNA transfection reagent (Genlantis, San Diego, CA,USA). 4 x 10 6 cells were washed and plated in 6-well plates in 1 ml of serum-free RPMI 1640. The NDRG1 siRNA and the negative control (1000 ng/well) were incubated with GeneSilencer reagent following the manufacturer's protocol. Transfection mixture was then added to the wells and incubated for 24 hours. The efficiency of silencing was assessed with RT-PCR.
DC phagocytosis assay
DCs (10 6 cells/ml) were suspended in prewarmed serum-free RPMI 1640 medium, pulsed with FITC-conjugated dextran (Sigma-Aldrich, Taufkirchen, Germany) at a final concentration of 1 mg/ml and incubated for 3h at 37°C. Uptake was stopped by adding ice-cold PBS. The cells were washed three times with ice cold PBS supplemented with 5% FCS and 0.01% sodium azide before FACS analysis. DCs were analyzed for the uptake of FITC-dextran [34] . The percentage of FITC-dextran staining following a 5 minute exposure amounted to 2.6 % indicating little binding of FITC-dextran to the cell surface.
Preparation of nuclear and cytosolic extracts
Nuclear and cytosolic extracts were prepared as described previously [35] . DCs from sgk1 +/+ and sgk1
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(PBS) and cells were lysed in 500ml buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.05% NP-40, pH 7.9) containing protease inhibitor cocktail (Sigma-Aldrich, Taufkirchen, Germany) and incubated on ice for 10 min. Cell lysates were centrifuged at 3,000g for 10 min at 4°C. Supernatants containing the cytosolic fraction were collected and transferred into a separate tube. Residual pellets containing the nuclei were resuspended in 93.5 ml buffer B (5 mM HEPES, 1.5 mM MgCl 2, 0.2 mM EDTA, 0.5 mM DTT, 26% glycerol (v/v), pH 7.9) and 6.5 ml of 4.6 M NaCl and vortexed for 30 s. After incubation on ice for another 30 min, nuclear lysates were centrifuged at 15,000g for 30 min at 4°C to remove nuclear debris. Protein concentrations of cytosolic and nuclear extracts were determined with Bradford (Biorad).
Immunoblotting
DCs from sgk1 +/+ and sgk1 -/-mice were centrifuged for 5 min at 408 g and 4°C. The pellet was washed in ice cold PBS and resuspended in lysis buffer (Cell Signaling Technology, Inc., New England Biolabs) containing protease inhibitor cocktail (Sigma-Aldrich, Taufkirchen, Germany). After centrifugation for 20 min at 20,000 g and 4°C the supernatant was taken and the protein concentration of the supernatant was determined with Bradford (Biorad). Total protein (30 µg) was subjected to 10% SDS-PAGE. Proteins were transferred to a nitrocellulose membrane (VWR) and the membranes were then blocked for 1h at room temperature with 10% non-fat dried milk in tris-buffered saline (TBS) containing 0.1% Tween 20. For immunoblotting the membranes were incubated overnight at 4°C with antibodies directed against phospho (p)-(Thr346)-NDRG1 (1:1000, Cell Signaling Technology, Inc., New England Biolabs), p-(Ser330)-NRDG1 (1:1000, Cell Signaling Technology, Inc., New England Biolabs), NDRG1 (1:1000, Cell Signaling Technology, Inc., New England Biolabs), NF-kappa-B p65 (1:1000, Cell Signaling Technology, Inc., New England Biolabs), p-(Ser32/36)-IκBα (1:1000, Cell Signaling Technology, Inc., New England Biolabs), p-(Ser176/180)-IKKα/β (1:1000, Cell Signaling Technology, Inc., New England Biolabs), and IKKβ (1:1000, Cell Signaling Technology, Inc., New England Biolabs). A GAPDH antibody (1:1000, Cell Signaling Technology, Inc., New England Biolabs), Lamin A (1:1000, Santa Cruz) or β-Actin antibody (1:1000, Cell Signaling Technology, Inc., New England Biolabs) were used as loading controls. Specific protein bands were visualized after subsequent incubation with a 1:3000 dilution of anti-rabbit IgG or anti-mouse IgG conjugated to horseradish peroxidase and a Super Signal Chemiluminescence detection procedure (GE Healthcare, UK). Specific bands were quantified by Quantity one software (Bio rad gel doc system, Chemidoc XRS). Levels of each protein were expressed as the ratio of signal intensity for the target protein relative to that of GAPDH, Lamin A or β-Actin.
Real-time PCR
Total RNA was extracted from mouse dendritic cells in peqGold Trifast (Peqlab, Erlangen, Germany) according to the manufacturer's instructions. After DNAse digestion reverse transcription of total RNA was performed using Transcriptor High Fidelity cDNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. Polymerase chain reaction (PCR) amplification of the respective genes were set up in a total volume of 20 µl using 40 ng of cDNA, 500 nM forward and reverse primer and 2x GoTaq® qPCR Master Mix SYBR Green (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol. Cycling conditions were as follows: initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 15 sec, 59°C for 15 sec and 72°C for 30 sec. For the amplification the following primers were used (5`->3`orientation):
NDRG1,fwACCCTGAGATGGTAGAGGGTCTC; revCCAATTTAGAATTGCATTCCACC Tbp, fw TATGACCCTATCACTCTGCC rev TCTTGGGCTCCTGTGCCAGAG. Specificity of PCR products was confirmed by analysis of a melting curve. Real-time PCR amplifications were performed on a CFX96 Real-Time System (Bio-Rad). All experiments were done in duplicate. Amplification of the house-keeping gene Tbp (TATA binding protein) was performed to standardize the amount of sample RNA. Relative quantification of gene expression was achieved using the ΔΔct method.
Statistics
Data are provided as means ± SEM, n represents the number of independent experiments. All data were tested for significance using Student's unpaired two-tailed t-test. Results with p < 0.05 were considered statistically significant.
Results
Loss of SGK1 results in reduced phosphorylation of NDRG1
DCs were obtained from the bone marrow (BM) of SGK1 knockout mice (sgk1 -/-) and wild-type littermates (sgk1 +/+ ). NDRG1 expression and phosphorylation was analyzed in sgk1 +/+ and sgk1 -/-BMDCs by western blotting. As shown in Fig. 1 , NDRG1 expression was not affected by SGK1 deficiency but SGK1-dependent phosphorylation of Thr346 and Ser330 of NDRG-1 was decreased in sgk1 -/-BMDCs.
Knockdown of NDRG1 results in enhanced p65 nuclear localization
Silencing of NDRG1 by siRNA in sgk1 +/+ BMDCs resulted in an enhanced nuclear abundance of the NF-κB subunit p65 compared to the control empty vector-treated BMDCs (Fig. 2) , as analyzed by western blot of the nuclear fraction. The efficiency of NDRG1 was (Fig. 2C ). The increase of nuclear NF-κB subunit p65 following NDRG-1 silencing demonstrates that NDRG-1 is a negative regulator of NF-κB in DCs.
Loss of SGK1 leads to upregulation of NF-κB signaling
As shown in Fig. 3 , the nuclear localization of p65 was strongly enhanced in sgk1 -/-BMDCs compared to sgk1 +/+ BMDCs. NDRG1 has been shown to attenuate NF-κB signaling through decreasing the phosphorylation of the NF-κB inhibitor, IκBα, via the IκB kinase, IKKβ [26] . Phosphorylation of IκBα at Ser32 and Ser36 leads to its proteosomal degradation that results in the release and nuclear translocation of active NF-κB [36] . Accordingly, expression and kinase-activating phosphorylation of IKKα/β was analyzed in sgk1 +/+ and sgk1 -/-BMDCs.
Expression of IKKβ was not different between sgk1
+/+ and sgk1 -/-DCs. However, the abundance of phospho-IKKα/β was significantly enhanced in sgk1 -/-BMDCs compared to sgk1 +/+ BMDCs (Fig. 4) . Moreover, the levels of phosphorylated IκBα were significantly higher in sgk1 -/-than in sgk1 +/+ BMDCs (Fig. 5) . 
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SGK1 deficiency fosters DC differentiation and maturation and reduces their phagocytic capacity
Since NF-κB is essential for DC differention and maturation [37, 38] , the expression of costimulatory molecule CD86 and MHC class II in sgk1 +/+ and sgk1 -/-BMDCs was analyzed by FACS analysis. The levels of CD86 and MHC II were higher at the surface of the CD11c littermates (Fig. 6) . Moreover, DCs were isolated from the spleen of sgk1 -/-and sgk1 +/+ mice. Expression of CD86 and MHCII was higher in splenic sgk1 -/-DCs than in splenic sgk1 +/+ DCs (Fig. 7) .
The function of DCs as innate immune effectors involves antigen uptake. Thus, we compared the capacity of sgk1 +/+ and sgk1 -/-BMDCs phagocyting antigen by coincubating BMDCs with FITC-dextran. The phagocytosis of FITC-dextran was found to be significantly reduced in sgk1 -/-BMDCs (Fig. 8) , which corresponds well to their enhanced maturation.
Discussion
According to the present observations lack of SGK1 in dendritic cells (DCs) reduced phosphorylation of NDRG1 and enhanced nuclear translocation of NF-κB (p65 subunit) via suppressing the phosphorylation (and therefore degradation) of the NF-κB inhibitor, IκBα, via IκB kinase, IKKα/β. On the other hand, silencing of NDRG-1 in sgk1 +/+ DCs increased nuclear NF-κB abundance. Those SGK1-dependent effects substantially influenced maturation and function of DCs. Accordingly, expression of maturation markers was enhanced and phagocytic capacity Similar to PKB/Akt, SGK1 is activated through PI3K and phosphoinositide-dependent kinase PDK1 [39] [40] [41] . PI3K and PDK1 may function as an endogenous negative feedback that serves to limit excessive innate immune responses [8, 42] . SGK1 could act downstream of PI3K and PDK1 to mediate this negative feedback in DCs.
The nuclear factor-κB (NF-κB)/REL family of transcription factors plays a central role in coordinating the expression of a wide variety of genes that control immune responses [43, 44] . PI3K has been shown to negatively regulate NF-κB in human monocyte-derived DCs [15] , human monocytes [17, 18] and mouse macrophages [16] . IKKα/β phosphorylation and IκBα degradation are increased by PI3K inhibitors, which result in enhanced NF-κB nuclear translocation in human DCs [15] . Our data showing enhanced IKKα/β and IκBα phosphorylation and increased p65 nuclear localization in sgk1 -/-DCs provide evidence that SGK1 is involved in the suppressive effect of PI3K on NF-κB in DCs.
N-myc downstream regulated gene 1 (NDRG1) has been shown to attenuate NF-κB signaling [26] . In tumor cells overexpressing NDRG1, IKKβ expression, IκBα phosphorylation, nuclear translocation of p65 and p50 and binding of p65 and p50 to the NF-κB motif are reduced [26] . Moreover, NDRG1 is a physiological target of SGK1, phosphorylated by SGK1 at Thr328, Ser330 and Thr346 [25] . Phosphorylation of NDRG1 at both Ser330 and Thr346 is required for its suppressive action on the NF-κB signaling pathway [27] .
NDRG1 phosphorylation at Ser330 and Thr346 was strongly reduced in sgk1 -/-DCs. Moreover, silencing of NDRG-1 in sgk1 +/+ DCs led to enhanced nuclear localization of NF-κB. Therefore, SGK1 may prevent transport of NF-κB to the nucleus via phosphorylation of NDRG1. NDRG1 has been reported to decrease IKKβ expression, presumably through proteosomal degradation [26] . However, in sgk1 -/-DCs phosphorylation of IKKα/β but not abundance of total IKKα/β protein was enhanced indicating that NDRG1 can presumably regulate IKKα/β also through other mechanisms.
In contrast to studies showing that the PI3K pathway negatively regulates expression of inflammatory genes in macrophages and DCs, the PI3K pathway positively regulates NF-κB activity and NF-κB-dependent gene expression in other cell types. Thus, in airway epithelial cells the PI3K-Akt pathway positively regulates NF-κB transcriptional activity [45] . In 3T3 fibroblasts, overexpression of a constitutively active form of Akt results in NF-κB-dependent gene expression via the activation of IKK and the p38 MAPK [46] . SGK1 has been shown to phosphorylate IKKβ [47] or IKKα [48] , thus promoting degradation of IκB. Moreover, SGK1 increases the acetylation of NF-κB through phosphorylation of p300, which also leads to NF-κB activation [48] . SGK1 is a positive regulator of NF-κB in mast cells [22] and megakaryocytes [21] . Moreover, SGK1 is required for the stimulation and nuclear translocation of NF-κB following mineralocorticoid excess [23, 24] and thrombin [20] . Thus, SGK1 apparently plays a dual role in the regulation of NF-κB, i.e. a IKK dependent upregulation and a NDRG1 dependent downregulation of the transcription factor. SGK1 seems to be important for maturation of DCs since the expression of CD86 and MHC class II molecules is higher in sgk1 -/-cells. Immature DCs are characterized by a high rate of endocytosis, which rapidly decreases during maturation [1, 6] . Thus, in accordance to higher expression of maturation markers, sgk1 -/-DCs exhibit reduced phagocytic capacity. This is in agreement with a study on human DCs, showing that pharmacological inhibition of PI3K in DCs results in decreased phagocytosis [49] .
SGK1 is under strong genomic stimulation by glucocorticoids [50] and 1,25-dyhydroxyvitamin D 3 [51] . Given that both hormones have strong inhibitory effect on DC functions [52] [53] [54] [55] [56] [57] [58] , it is intriguing to speculate that their mechanism of action in DCs might include upregulation of SGK1.
In conclusion, in mouse DCs genetic knockout of SGK1 leads to reduced phosphorylation of NDRG1, enhanced IKKα/β and IκBα phosphorylation, and enhanced nuclear localization of the NF-κB subunit p65, which presumably fosters maturation of sgk1 -/-DCs.
